Envelopes of a marine isolate, c-Al, and of a terrestrial isolate, 121, were compared for their susceptibility to disintegration in distilled water after exposure to 0.05 M MgCl2 and to 0.1 and 1.0 M NaCl. After exposure to MgCl2 alone, both types of envelopes remained intact in distilled water. Envelopes of marine isolate c-Al, but not of the terrestrial isolate, fragmented in distilled water after exposure to 1.0 M NaCl. Partial reaggregation of the c-Al envelope fragments occurred on addition of MgCl2. In cation-exchange experiments, bound Mg++ in the envelopes of both organisms was displaced by Na+. The envelopes of c-Al were found to contain lipopolysaccharide, muramic acid, and a variety of phospholipids, of which the major component was phosphatidylethanolamine, accompanied by lesser amounts of phosphatidic acid, diphosphatidylglycerol, and phosphatidylserine. Analyses of envelope acid hydrolysates revealed a similar amino acid distribution in the marine and terrestrial isolates, but envelopes of c-Al had less than half the total amino acid content of envelopes of 121 per envelope dry weight. Possible relationships between cations and biochemical components of the envelopes are considered in terms of differences in behavior of the two organisms in low ionic environments.
A characteristic common to all types of gramnegative halophilic bacteria is their susceptibility to lysis in dilute ionic environments (16, 18) . The integrity of the isolated envelopes of a slightly halophilic marine bacterium (8) and the integrity of those of an extreme halophile (26) were maintained equally effectively by several monovalent cation salts, in contrast to findings with whole cells (19, 26) . The disintegration of the envelope during lysis of two marine bacteria involved the separation of the inner and outer layers of the envelopes accompanied by localized breaks in the individual layers (9, 10) . Buckmire and MacLeod (8) proposed that such envelope disintegration was the result of a loss of Na+ necessary to maintain shields on anionic groups on components in the mucopeptide layer. We have shown that cells of a marine isolate, designated as strain c-Al, remained intact in distilled water after exposure to MgCl2, whereas these cells underwent extensive disruption after exposure to NaCl (10) . On the basis of these results, we postulated that Mg++ stabilized the envelopes of these cells by forming bridges between anionic components in the envelope, such as phosphoryl head groups of phospholipids or carboxyl groups of protein side chains, or both, and that Na+, by displacing Mg++ from bridging sites, rendered the cells susceptible to lysis in distilled water. Costerton et al. (9) have recently proposed a similar mechanism to account for the disintegration of the cell envelopes of a marine pseudomonad.
This paper reports the results of experiments designed to define more clearly the roles of Na+ and Mg++ in the isolated envelopes of the marine bacterium. Biochemical analyses of these envelopes and comparative analyses of the envelopes of a terrestrial bacterium are also reported and are considered in terms of the lytic susceptibilities of the two organisms.
MATERIALS AND METHODS
The organisms employed, marine isolate c-Al and terrestrial isolate 121, could be tentatively classified on physiological characteristics and guanine plus cytosine deoxyribonucleic acid (DNA) composition as strains of the genera Vibrio and Pseudomonas, respectively (10) . They were grown and harvested as described previously (10) . Cells were washed free from the growth medium with the artificial seawater of Lyman and Fleming (17) for isolate c-Al and with 0.05 M MgCla for isolate 121. Isolated envelopes were prepared by treating 10 ). All operations for isolation and purification of cell envelopes, including the breaking of the cells, were carried out at 4 C unless otherwise specified. After the treatment, the beads were allowed to settle and were washed twice with 10 ml of the appropriate suspending solution. The supernatant fluids were combined, and the crude envelope suspension was centrifuged at 9,370 X g for 20 min. The pellet was resuspended and incubated for 60 min at 30 C in 60 ml of buffered enzyme solution containing the following: tris(hydroxymethyl)aminomethane (Tris), 0.025 M (pH 7.8; Sigma Chemical Co., St.
Louis, Mo.); trypsin, 0.5 mg/ml (z100,000 units/mg; Worthington Biochemical Corp., Freehold, N.J.); ribonuclease, 0.5 mg/ml (c40 units/mg; Calbiochem, Los Angeles, Calif.); deoxyribonuclease, 0.05mg/ml (-100,000 units/mg; Sigma Chemical Co.). The envelope suspension was then centrifuged at 9,370 X g for 20 min; the supernatant fluid was discarded, and the pellet was resuspended to the same volume in the appropriate suspending solution (seawater or MgC12). Envelope suspensions were then subjected to six complete cycles of alternating high-speed (9,370 X g, 20 min) and low-speed (2,300 X g, 5 min) centrifugations. The purity of the specimens was assayed by observing platinum-shadowed envelopes in the electron microscope.
For electron microscopy, samples on Parlodioncoated grids were shadow-cast with platinum. Electron micrographs were obtained with an RCA EMU-3F electron microscope.
For distilled water treatment after pre-exposure of cell envelopes to NaCI, MgCl2, or both, the procedure was as previously described for whole cells (10) , except that centrifugations were carried out at 9,320 X g for 20 min at 4 C. In some experiments, sufficient solid MgCl2 or NaCl was subsequently added to distilled water-treated envelope preparations to bring the final concentration to 0.05 M MgCl2 or 1.0 M NaCl.
In cation-exchange experiments, isolated cell envelopes of c-Al at 14.0 mg/ml and of 121 at 6.9 mg/ml were first suspended in 0.05 M MgCl2; the suspensions were then divided into 1.5-ml portions, washed three times by centrifugation (9, 370 X g, 20 min), resuspended in 0.05 M MgCl2, and finally washed twice in distilled water. One such distilled water-washed pellet of c-Al envelope was dry-ashed for assay of total bound Mg++. The other envelope pellets were each resuspended in 1.5 ml of NaCl at various concentrations (0 to 1.0 M). After a 15-rnin incubation at 25 C, envelopes were centrifuged (9,370 X g, 20 min), and 1 ml of each supernatant fraction was removed for Mg++ assay by the colorimetric method of Garner (12) , modified by substituting 1 N HC104 for 10% trichloroacetic acid. The pellets, as well as the ashed c-Al envelope sample, were extracted twice at room temperature for 15 min with 1 ml of 1 N HCl04, as modified from the procedure of Tempest and Strange (27) . Na+ did not interfere with the Mg++ assay system.
The presence of hexosamines was determined by the method of Perkins and Rogers (22) , with slight modifications. Envelopes (100 to 200 mg, dry weight) of c-Al and 121 were hydrolyzed under N2 in sealed ampoules with 20 ml of 4 N HCI at 100 C for 5 hr. The hydrolysate was brought to dryness in vacuo, and the sample was redissolved in 0.5 ml of 2 N HCI. The hydrolysate was then applied to a column, 5 mm in diameter, packed with a mixture of 0.25 g of activated charcoal (Mallinckrodt Chemical Works, St. Louis, Mo.) and 0.25 g of Celite (Johns-Manville Co., N.Y.), previously washed with 250 ml of 2 N HCI. The hexosamines were eluted from the column at 25 C with 10 ml of distilled water, followed by 10 ml of 5% (v/v) ethyl alcohol. Fractions (1 ml) were collected, and 50 ,lliters of each fraction was spotted on Whatman 3MM paper and sprayed for the presence of ninydrin-positive material. Those fractions showing a positive ninhydrin reaction were chromatographed in a descending direction for 17 hr on 3MM paper, which had previously been washed three times in 1 N HCI followed by water washing until free from chloride. The developing solvent system (22) used was n-butyl alcohol-acetic acid-water (63:10:27). Spots were revealed with Elson-Morgan spray reagents (20, 25) and were identified by comparison with glucosamine (Calbiochem) and muramic acid and galactosamine (Sigma Chemical Co.). Spots with Rga values (ratio of the distance of the unknown from the origin to the distance of the glucosamine standard from the origin) similar to that of the muramic acid standard were eluted with water and rechromatographed in an ascending direction on Whatman no. 1 paper in four solvent systems: (i) isopropanol-acetic acid-water (3:1:1) (24); (ii) isopropanol-water (4:1) (14); (iii) n-butyl alcohol-pyridine-water (6:4:3) (14); (iv) phenol-saturated water. The RF values in all four solvent systems were compared with those of muramic acid.
For isolate c-Al, the Westphal and Luderitz procedure (28) for the extraction of lipopolysaccharide was followed, except that the extraction was carried out in 45% phenol in 1.0 M NaCl. After the extraction, the aqueous phase was removed and dialyzed against 1.0 M NaCl. The extract was then subjected to a series of differential ethyl alcohol precipitations until the extract was free from material absorbing at 260 nm, at which time the extract was taken to dryness in vacuo. The dried extract in KBr pellets (2 mg of extract per pellet) was then analyzed by infrared spectroscopy (Perkin-Elmer 221 spectrophotometer).
For phospholipid analysis of the envelopes of c-Al and 121, approximately 700 mg (dry weight) of envelopes was suspended to 30 ml in seawater or in 0.05 M MgCl2, respectively, extracted twice in a 20-fold volume of chloroform-methanol (2:1), and filtered. The filtrates were taken to dryness in vacuo, extracted twice with 20 ml of water, and redissolved in 5 ml of chloroform-methanol (2:1) by the method of Folch et al. (11) . The lipids were precipitated with a 10-fold volume of acetone, collected by centrifugation at 7,700 X g for 15 min, redissolved in 7.5 ml of chloroform-methanol (2:1), and stored in sealed ampoules under N2 at -20 C. The lipid extracts were chromatographed by spotting 50 jsg on Eastman silica gel thin-layer sheets (Distillation Products Industries, Rochester, N.Y.) and developing in chloroformmethanol-acetic acid-water (250:74:19:3) (1). Spots were revealed with iodine vapors and with ninhydrinlutidine-n-butyl alcohol spray reagent (24) . Individual spots were eluted with a minimum volume of chloroform-methanol (2:1). Eluates were then spotted on silica gel sheets, and each was developed in the following solvent systems: (i) chloroform-methanolacetic acid-water (250:74:19:3) (1); (ii) isopropanolacetic acid-water (3:1:1) (24); (iii) isopropanol-water (4:1); (iv) n-butyl alcohol-acetic acid-water (63:10: 27). The phospholipids used as standards were obtained from the following sources: phosphatidylethanolamine, phosphatidylserine, diphosphatidylglycerol, Applied Science Laboratory, Inc., State College, Pa.; phosphatidic acid, Charles Grossman, University of Portland.
For amino acid analyses, approximately 100 mg (dry weight) of cell envelopes from c-Al or 121 was suspended in 10 ml of 6 N HCl under N2 in sealed ampoules, and the ampoules were maintained at 100 C for 24 hr as outlined by Hill (13) . The hydrolysates were filtered through sintered glass, the filter was washed twice with 10-ml volumes of water, and the combined filtrate and washings were brought to dryness in vacuo and redissolved in a minimum of water. The hydrolysates were analyzed in an amino acid analyzer (Technicon Instrument Corp., Ardsley, N.Y.) with Technicon type C-2 resin with column dimensions of 0.64 by 64 cm. The fractions were eluted with a sodium citrate buffer gradient over a pH range of 2.75 to 6.10. Elution time was 6.5 hr. A mixture of amino acid standards (Technicon Instrument Corp.) of known concentrations was used to identify and quantitate components of the hydrolysates.
RESULTS
In the accompanying study (10) , the lytic susceptibility, in distilled water, of the marine isolate c-Al was shown to be a function of the concentration of Na+ to which the cells were preexposed, whereas a terrestrial isolate was not affected by such pre-exposure. To differentiate more distinctly between electrostatic interactions and osmotic factors in this lysis of c-Al, the isolated envelopes of both organisms were subjected to experimental manipulations similar to those carried out previously with whole cells. Isolated envelopes of c-Al and 121 were subjected to treatment with 0.05 M MgCl2, 0.1 M NaCl, or 1.0 M NaCl, or with both salts, before transfer to distilled water, a procedure used fot whole cell lysis studies (10) . The results shown in Fig. 1 indicate that the decreases in optical density of c-Al envelope suspensions in distilled water were relatively small when compared to results from similar experiments with whole cells. Optical density decreases at 30 sec were minimal in distilled water suspensions which had been exposed to MgCl2 with or without Na+. However, by 10 min, the optical density decreases could clearly be seen to be dependent on the concentration of Na+ to which envelopes had been pre-exposed.
When c-Al envelopes were pre-exposed to 1.0 M NaCl alone, a 40% decrease in optical density occurred by 30 sec, indicative of rapid and extensive disintegration, whereas in a similar experiment with isolated envelopes of the terrestrial bacterium, isolate 121,. Na+ pre-exposure had little or no effect on envelope integrity in distilled water ( Fig. 1 and 2 ). Fig. 3 . The inner rod-shaped layer is seen in the center, whereas the outer layer appears to have been pulled away as a flattened sphere. Unfortunately, electron micrographs of envelopes in 1.0 M NaCl were obscured by the abundance of salt crystals. The appearance of samples from distilled water after pre-exposure to NaCl alone indicated that marked envelope disintegration had, in fact, occurred (Fig. 4) . Relatively few fragments larger than 60 to 80 nm were visible. The addition of MgCl2, which had been found to produce an increase in optical density, resulted in a reaggregation of fragments (Fig. 5) . The addition of NaCl to lysed envelope suspensions did not result in an increase in optical density (Fig. 2) ; presumably no reaggregation occurred because Na+ could not act as a bridge between fragments in the manner postulated for Mg1.
The results of an experiment to determine whether Na+ could indeed displace Mg++ in the envelopes of c-Al and in the envelopes of the terrestrial strain 121 are presented in Tables 1   and 2 . These data indicate that Mg++ in the envelopes of both organisms was displaced by Na+, and that this displacement in c-Al was directly related to the Na+ concentration up to 0.5 M. The low value for total Mg++ in the envelopes incubated in distilled water indicates that the HCl04 extraction did not remove all of the Mg++; whether such residual Mg++ in the envelope might be removed by Na+ was not determined. Although the displacement of Mg++ from the envelope of c-Al by Na+ might be involved in the increased susceptibility of this organism to lysis in distilled water, similar displacement from the envelope of 121 did not result in increased susceptibility to lysis. Envelopes of marine isolate c-Al and terrestrial isolate 121 differ not only in their lytic susceptibility in distilled water but also in the number of visible envelope layers in thin sections observed in the electron microscope (10) . In an effort to explain the differences in lytic susceptibility, a survey was made for gross biochemical differences which might exist between the envelopes of these two organisms.
The susceptibility of c-Al might be due to the absence of a rigid murein layer in the envelope.
The extreme halophiles are extremely susceptible to lysis in low-ionic environments, and attempts to isolate muramic acid from envelopes of such organisms have failed (6, 15) . Therefore, hydrolysates of c-Al envelopes were analyzed for the presence of muramic acid by paper chromatography. A spot having an Rga value similar to that of muramic acid (2.0) was eluted, and the eluted material was compared to the standard in four solvent systems. In each instance, the extracted material had chromatographic properties similar to those of muramic acid. Glucosamine and galactosamine were also identified by chromatography of the hydrolysates; also found was an unidentified Elson-Morgan positive spot with an Rga value of 3.5. This evidence is strongly suggestive of a murein component in the c-Al envelope. Similar material with the chromatographic behavior of muramic acid was also present on analysis of cell envelope hydrolysates of isolate 121, as one might expect.
The results of the chromatographic analyses of the envelope phospholipids of c-Al and 121 are presented in Fig. 6 was not present in those of c-Al. It is apparent that no gross differences exist in the phospholipids of these two organisms.
The material extracted from c-Al envelopes with 45% phenol-1.0 M NaCl had an infrared spectrum (Fig. 8) quite similar to the spectra reported for Proteus extracts and is interpretable as lipopolysaccharide (3) . The strong and broad absorption band at 3,400 cm-' is suggestive of the presence of OH, NH, or both groups, with hydrogen bond interactions. The peak at 2,900 cm-, could result from CH2 or CH3 groups. A peak is apparent at 1,735 cm-', where one would expect absorption by ester linkage, presumably lipid ester in this case. The strong absorption at 1,650 to 1,550 cm-' is consistent with the presence of CO-NH or COO groups. The peak at 1,235 cm-' and the absorption at 1,100 to 1,000 cm-, are characteristic for the -C-O-C-bond, as in polysaccharides. Therefore, the lytic susceptibility of c-Al envelopes is apparently not caused by the absence of a lipopolysaccharide component.
The results of amino acid analyses of envelope hydrolysates are presented in Table 3 . The relative distribution of amino acids for the marine bacterium is not unusual. However, the protein content per envelope dry weight, represented by the sum of the amino acid values, is considerably lower in the envelope of the marine bacterium than in the envelope of the terrestrial bacterium. When the data from Table 3 for 121 and c-Al are normalized (Table 4) , there is little difference in the distribution of the types of amino acids. What small differences there are lie in the neutral amino acids, of which 121 has a somewhat greater proportion, and in the branched-chain and sulfurcontaining amino acids, of which c-Al has a greater proportion. The results of a second experiment on both envelope preparations, including hydrolysis and amino acid analyses, were almost identical to those reported in these tables. Therefore, we conclude that the differences observed are indeed valid. 
DISCUSSION
The magnitude of the optical density decreases in suspensions of isolated envelopes of c-Al was considerably less than that previously observed (10) when suspensions of whole cells were subjected to the same treatments. For example, transfer from 1.0 M NaCl to distilled water resulted in extensive disintegration of isolated envelopes of c-Al into small fragments (Fig. 4) but in an optical density decrease of at most 60% (Fig. 1, 2) , in contrast to an 85% decrease in c-Al cell suspensions of the same initial optical density similarly treated (Table 3 in reference 10). It may be considered axiomatic that the numnber of intact envelopes or cell ghosts required to produce a given optical density is much greater than the number of intact cells required. Even small changes in optical density of these relatively dense suspensions of envelopes, or of their fragments, were highly significant indications of changes in organization, verifiable by electron microscopy, much more so than were equal changes in optical density of cell suspensions.
The results obtained in our studies on whole cell lysis were consistent with the hypothesis that (2) proposed that the role of Mg++ in the envelope of P. aeruginosa is in bridging subunits of lipopolysaccharide. As the primary lesion evident in electron micrographs of lysing cells of c-Al pre-exposed to Na+ plus Mg++ is the peeling apart of the inner and outer layers (10), it is possible that one of the roles of Mg++ in c-Al may be similar to that proposed by Asbell and Eagon for P. aeruginosa.
The presence of muramic acid in the cell envelope hydrolysate of marine strain c-Al indicates that this organism does contain the mucopeptide murein. However, although muramic acid has been found in both c-Al and marine pseudomonads (5, 8) (10) or in thin sections of other marine pseudomonads (4, 8) . The murein component may be present in smaller amount, in a different location, or in untypical organization in these marine bacteria. In regard to the last possibility, Buckmire and MacLeod (8) suggested that the murein layer in the envelope of a marine pseudomonad might be held intact by ionic bonds rather than by covalent linkage. If this were true for the murein of c-Al, one would expect the cells to lose their rod shape during the traumatic experience of lysis, but they do not (10) . However, the rod-shaped inner structure of intact c-Al envelopes (Fig. 3) was not seen in electron micrographs of envelope preparations transferred from 1.0 M NaCl to distilled water (Fig. 4) . It is not known whether the shape-determining structure, presumably the murein component, disintegrated on lysis, was obscured by the mnvelope fragments, or was too delicate to be detected by the technique employed.
Similar amino acid distribution was found in the envelopes of c-Al and 121, and this finding is consistent with the results of other workers on Escherichia coli and P. aeruginosa (23) . The most striking difference is in the total protein content, as determined from the sum of the amino acid values ( Table 3 ). The protein content of c-Al envelope preparation was less than half of that of 121 envelopes, which was higher than those reported for E. coli and P. aeruginosa. However, Brown and Turner (7) estimated the amount of protein in the envelope of E. coli to be as high as 85%. It is, of course, possible that the envelope in situ in c-Al contains as much protein as does that of 121, but that the major portion of the c-Al envelope protein is much less tightly bound and is lost during the preparative and purification procedures. The function to the cell of the envelope proteins of gram-negative bacteria (either in the external lipoprotein layer or in the protein granule layer) is basically unknown, and it is therefore difficult to speculate on the consequences, in terms of cellular integrity, of a loosely bound or totally absent fraction of envelope protein. Of the various envelope components analyzed, the amino acid content was the only one assayed quantitatively. If c-Al envelopes are truly deficient in protein, obviously another component must be proportionately increased. Whether it is a deficiency of protein and excess of another envelope component, or instead the nature of binding of protein or murein, or both, that is responsible for the dependence of c-Al envelope integrity on Mg++ bridges remains to be determined.
